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I. Introduction

Currently, increasing attention is being paid to nanopar-

ticles in modern materials science, as well as in fundamental

sciences it is based on, such as physics and chemistry. The

reason is wide possibilities of controlling properties of

materials without changing their composition. This control

is possible due to the manifestation of size effects, which

change the electronic, thermal, mechanical, electrical, mag-

netic, optical and other properties of particles and, corre-

spondingly, affect properties of nanomaterials.{

It is generally accepted to classify compact nanomate-

rials as nanostructured and nanofilled. The former entirely

consist of nanoparticles (nanograins, nanocrystallites),

while the latter contain nanoparticles embedded in a matrix

and belong to nanocomposites.

New materials with improved properties can be designed

by applying nanostructurization and nanoparticle fillers in

composites with matrices of different types (polymer,

ceramic and metal matrices). This approach extends the

range of applications of many conventional materials. In

addition, nanoparticles can be used as components of

various hybrid materials.

Since the 1990s, researchers paid increasing attention to

carbon nanotubes (CNTs) and their close analogue, carbon

nanofibres (CNFs). Size effects in CNTs manifest them-

selves not in the same way as in nanoparticles of other

inorganic materials; however, the unique set of properties

makes CNTs one of the most promising elements for

developing new materials of all basic classes: building,

structural and functional, including smart materials 1 ± 5

and even metamaterials.{

It is important that carbon nanofilaments can be used to

form and modify materials of various geometric shapes

(bulk, film, or fibre-like), as well as porous ones.

Carbon nanotubes are powders resembling soot. Indi-

vidual nanotubes are generally combined into aggregates,

which can often be seen even by naked eye. If CNTs are

obtained pyrolytically, aggregates become fragile after

removing catalyst particles and can easily be destroyed

under load. Thin (single-, double- and triple-walled) CNTs

are characterized by the formation of bundles composed of

parallel nanotubes. Generally the diameter of CNT bundles

does not exceed 100 nm; thus, these aggregates are also

considered to be nanoparticles.

However, CNTs generally are not used in the form of

aggregates or as mixtures of free individual particles or

bundles; they are applied either as structures on substrates
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or as intermediate products in production of various macro-

materials. The widespread techniques for consolidating

ceramic and metal particles, such as pressing and sintering,

as well as overwhelming majority of their modifications,

cannot be applied to nanotubes. Therefore, peculiar proce-

dures should be developed to form materials composed of

CNTs or containing CNTs (for brevity they will be referred

to as CNT materials).

Individual CNTs exhibit an unusual combination of

various properties, due to which they can be used as

operation elements of many devices and appliances, such

as diodes, transistors, switches, logical elements, electrodes,

sensors and probes for atomic-force and tunnelling micro-

scopes. However, because of the dependence of electronic

properties on the CNT structure, problems with sorting

CNTs in morphology and properties 6 (see Refs. 7 and 8 for

the latest achievements in this field), expected high cost of

sorting and difficulties in selective synthesis of nanotubes

with identical structures, one would expect application of

CNT arrays and macromaterials (in particular, films 9) to be

more efficient than the use of individual CNTs in the

foreseeable future. Using polymer substrates, one can

develop flexible devices based on CNT films; this approach

extends the range of their applications and gives grounds to

speak about flexible electronics based on nanotubes.10, 11

In 2005 a competitor of nanotubes arose: graphenes,

which are single layers or multilayers (with a limited

number of layers) of flat nanoparticles. Properties of

single-layer graphene are similar in many respects to those

of single-walled CNTs. In contrast to CNTs, many charac-

teristics of which depend on their diameter and chirality,

graphenes are easier to sort. However, it is necessary to take

into account that graphene properties depend strongly on

the type of the substrate they are laid on or the matrix they

are inserted into. One might expect graphenes to supplant

CNTs in applications calling for individual particles, while

CNTs, as previously, will dominate (at least in the nearest

future) in the production of materials. The situation may

change when commercial graphene production starts; how-

ever, even then CNTs will remain among nanomaterials of

the highest demand.

CNT materials are easier to introduce into commercial

practice than individual nanotubes. The review paper 2 in a

hard-to-get book is devoted to specifically these materials.

Reviews 12 ± 14 and a section in the report 15 are also partially

devoted to the fabrication of CNT materials. However,

many new data in this field have been obtained after 2008,

so that this huge amount cannot be considered comprehen-

sively in a single review without loss of valuable informa-

tion.

The purpose of this review was to classify CNT materi-

als and briefly describe their main types, methods of syn-

thesis and ranges of application. The chemical methods and

procedures used to produce these materials are not

described; however, the main directions of research are

outlined. The list of references contains mainly reviews

and landmark studies. A majority of references to specific

developments can be found in the literature cited.

II. State of the matter and prospects of production
of carbon nanotubes

The history of the development of studies in the field of

CNTs and CNFs and their production includes several

stages. The modern stage, which started approximately at

the beginning of the 2000s, is related to the development of

CNT industry.16 This temporal boundary is arbitrary,

because, for example, the commercial production and prac-

tical application of one of the CNT types began as early as

in the 1990s (Hyperion Catalysis Int., the United States),

and the fundamentals of one of the methods of CNT

production that are currently used in Japan were described

by Endo 17 as early as in the 1970s. Numerous pioneer

studies by R E Smalley, a Nobel prize winner in chemistry

in 1996, contributed a lot to the development of the CNT

research. The first publications by Iijima 18, 19 awakened

common interest in CNTs.

The number of scientific publications devoted to CNTs

steadily increases. Thus, their total number reached 1000 by

2000,20 amounted to 7000 by 2007 21 and exceeded 10 000 by

2008.22

By 2006 CNTs became the most intensively studied

object of physics. Statistical calculations based on the use

of a peculiar `m index' have shown that, according to this

criterion, CNTs (12.85) leave behind nanowires (8.75),

quantum dots (7.84), fullerenes (7.78) and giant-magneto-

resistance materials (6.82).22 The conference on CNTs 23

held in 2010 demonstrated that their expansion into various

fields of science and technology continues and shows a

visible tendency to practical applications.

In recent years, CNTs, as well as more available CNFs

and related carbon materials, due to their properties and

wide possibilities of application in various branches of

industry, have all chances to become one of the leaders (in

output) among commercially produced nanomaterials.24, 25

According to the report,26 more than 180 companies

produce carbon nanomaterials (including CNTs, CNFs,

nanodiamonds, fullerenes and graphenes) and more than

700 companies develop CNT materials for the applications

in aviation and space, car, power, defense, medical, textile

and other industries, in information technologies and for

environmental protection. Single-walled CNTs are expected

to replace silicon in electronic chips in 10 ± 15 years.

The capacities of some CNT production facilities have

reached 500 tonnes per year.27 ± 29 Facilities with the annual

output of up to 2000 tonnes are planned to be developed.

Related CNT materials include nanohorns (tapered-

cylinder nanoparticles) and vapour-phase grown nanofibres

(according to the data by Wei et al.,13 Showa Denko

(Japan) is planning to increase the current production

capacity of 100 tonnes per year by 400 tonnes per year),

helical and branched forms, etc.28 Below we often arbitra-

rily use the abbreviation CNT or term `nanotube' for all

filamentary carbon nanomaterials. Only in some cases we

indicate the type of CNTs under consideration: single-,

double- or multiwalled CNTs or CNFs.

The output of multiwalled CNTs and CNFs is the

highest. The total production output, which was 390 tonnes

per year in 2008 and 1500 tonnes per year in 2009, increased

to 3400 tonnes per year by the end of 2010 and is planned to

reach 9400 tonnes per year by 2015.26 The output of carbon

nanomaterials is expected to grow at a higher rate than the

production capacities and the cost of these materials is

estimated to reduce by 12% a year on average.

The world leaders in the CNT production are Asian

countries, whose production exceeds that of European and

American countries by a factor of 2 ± 3. Japan occupies the

28 E G Rakov Russ. Chem. Rev. 82 (1) 27 ± 47 (2013)



first place; in particular, it produces several tonnes of CNTs

for lithium-ion storage batteries.

The overwhelming majority of new CNT productions

apply processes based on versions of the pyrolytic method,

which is considered to be the most efficient and flexi-

ble.11, 30 ± 37 One of recent significant achievements of

Japan researchers is the development of supergrowth of a

`forest': an array of CNTs on a flat substrate oriented

perpendicularly to it.38 ± 40 The essence of this method is in

the simultaneous performance of two processes: the cata-

lytic pyrolysis of hydrocarbons and the etching of minor

products (which shield catalyst particles) by small oxidant

additives. This allows one to reach very high CNT growth

rates, long service life of the catalyst without poisoning and

a very high CNT specific output: up to 500 gramme per

gramme of the catalyst. In addition, the CNT selectivity

reaches 99.5%; the carbon content in them is 99.98%, due

to which one does not need to purify CNTs from the

catalyst.41 This technique makes it possible to control the

CNT morphology and produce basically single-, double- or

multiwalled CNTs.

In 2011 the first pilot manufacturing of CNTs based on

the supergrowth technique, with an output up to 100 g h71,

was started in Japan; it is planned to launch the first plant

by 2014.42 Pyrolytic CNTs are obtained in most cases using

fluidized catalyst bed or flying bed reactors; currently, a

conveyor reactor (of the ribbon-conveyor type) is projected

for the CNT production. The expansion of production is

expected to reduce the cost of high-quality CNTs by several

hundreds of times (to 12 USD for 1 kg) and thus expand

their areas of application. Single-walled CNTs are proposed

to be used as components of supercapacitor electrodes.

Studies aimed at developing continuous CNT-forest

production techniques are carried out in other countries as

well.

Processes of the synthesis in fluidized bed reactors are

extensively studied. Advances in this field make it possible

to reduce the number of process operations, increase the

CNT quality and reduce the CNT production cost. Exam-

ples are the techniques of CNT growth on vermiculite 43, 44

and ceramic microspheres.45

A plasma process for producing relatively inexpensive

CNFs of low quality has been developed in Belarus.46

Against the background of the above-described technol-

ogies, the low-output and unprofitable electric-arc and

laser-thermal methods of CNT production (they are

described, e.g., in the publication 30) are expected to become

nothing more but a turned page in the history of nanotube

technique development.}

III. Classification of CNT materials

Carbon nanotubes belong to rare types of materials that can

relatively easily be obtained by implementing the following

principle of nanotechnology: the bottom-up assembly; i.e.,

the formation of relatively large particles or products from

small particles and their aggregates. These products may

consist of macroscopic, most often available for human

visual and tactual perception, bulky bodies (three-dimen-

sional aggregates), coatings and films (two-dimensional

aggregates) or filaments and fibres (one-dimensional aggre-

gates). Macroscopic objects include also two- or three-

dimensional porous bodies (xerogels) and membranes.

CNTs can be used to design structures on substrates,

which are promising for electronics and optoelectronics

devices, as well as for various sensors.

The general classification of CNT materials was pro-

posed in the publication.16 It is presented (in supplemented

and somewhat modified form) in Scheme 1.

As was noted above, all CNT materials are divided into

two classes: materials composed of CNTs and CNT-con-

taining ones. The former materials belong to nanostruc-

tured materials and contain generally no more than

5 mass% adhesive additives, while the latter (nanofilled)
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Concrete-based

Biocomposites

Hybrid Layered (7/+)

Fibres (7/+)

Bulk (7/+)

Membranes (+)

Films (7/+)

Fibres (7/+)

Bulk (7/+)

Forest (7)

Nanopaper (7/+)

Films (7/+)

Fibres (+)

Aerogels (7/+)

Scheme 1

}An example of the way chemical facilities should not be designed is the

technically illiterate system of plate-and-hood type for Taunit production

from a propane ± butane mixture at the Komsomolets plant (Tambov).47
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materials are composites. The latter materials are arbitrarily

separated into high-filled (with comparable concentrations

of the matrix material and CNTs) and low-filled (containing

no more than 5 mass% CNT) composites. The set of high-

filled composites is rather small. Low-filled nanocomposites

are considered to be the most widespread and extensively

developed CNT materials.

The basic CNT materials include forest, nanopaper,

films, fibres and aerogels. Other, less widespread (and,

possibly, of less practical importance) CNT materials are

`monoliths', compact sets and three-dimensional framework

structures,48 as well as differently shaped CNT aggregates

(`chrysanthemum', `bird nest', `bud', `cedar forest', `combed

yarn'30), mesoscale tubes formed as a result of CNT self-

assembly,49 etc.

There are several species of CNT forest, which differ in

the fabrication technology.

Randomly packed CNTs can be consolidated through

their mutual entanglement with the formation of nano-

paper } (`nanomats', `nanofelt').

The most widespread second-group materials are nano-

composites based on polymers, ceramics or metals, as well

as biocomposites and hybrid materials. This group includes

also carbon ± carbon nanocomposites. Less attention is paid

to the fabrication and study of glass-based CNT nano-

composites.

Hybrid composites form a class related to nanocompo-

sites. Generally, this term is used for composites containing

both organic and inorganic materials; CNTs can play the

role of inorganic filler.50 In this context, nanocomposites

with a polymer matrix can also be assigned to hybrid

composites. Polymer nanocomposites are considered as an

individual group because of a large number of their species

and the current interest in these materials.

Some CNT-containing biocomposites can also be

assigned to hybrid nanocomposites. Some other materials,

like biocomposites, can be assigned simultaneously to

different classes; hence, the classification proposed here is

to a certain extent arbitrary.

At the same time, the properties and ranges of applica-

tion of each selected group of materials may differ, and

these differences are most pronounced for nanostructured

materials and nanocomposites.

Nanocomposites, as well as CNT materials, can form

bulk objects, coatings or fibres. This is especially true for

polymer-based nanocomposites, although one would expect

various forms of ceramic and metal composites (for exam-

ple, ceramic coatings) to arise in future. CNT objects of

different shapes have different properties and ranges of

application; for this reason, they are also classified in

Scheme 1.

The two-dimensional geometry of CNTs allows for two

types of their packing: random and with the parallel

arrangement of tubes; they are indicated, respectively, by

`+' and `7' signs in Scheme 1. Materials with the parallel

arrangement of CNTs have the most useful properties,

although some cases call for another arrangement, for

example, in the form of a network or a product of variable

cross-section and different densities of tubes in different

cross-sections.

The properties of materials with the parallel CNT

orientation differ significantly (and sometimes radically)

from the parameters of materials with randomly arranged

nanotubes. Thus, the former are anisotropic and are char-

acterized by the highest values of some target characteristics

(e.g., thermal conductivity, electrical conductivity, optical

and acoustic properties) along the nanotube axes.

The existence of different packings leads to a numerous

types of materials, which nevertheless have some general

features.

IV. General features of CNT materials

It is not sufficient to define CNTs as a new substance or a

new class of substances or even a new class of materials.

CNT materials have a number of general features distin-

guishing them from the variety of other modern materials.

The fabrication of CNT materials is a new stage in the

evolution of materials science. Currently it is one of the

most rapidly developing fields in nanomaterials science. The

fabrication of CNT-containing nanocomposites is often

referred to as a revolution in materials science.51 The

experts of the Y-12 centre { (Houston, the United States)

believe that new-generation composites can be developed

based on a combination of metals, cermets and CNT-

containing ceramics.

When productive techniques of the CNT synthesis were

developed, CNT materials produced using these techniques

became objects of extensive study of many researchers (the

first publication 52 is dated 1994). In 2002, the first review 12

of such materials (referred to as macroscopic structures in

the original) was published. The pioneer in the practical

application of CNT materials was apparently the aforemen-

tioned Hyperion Catalysis Inc (the United States), the

experts of which developed the technology of `fibrils' (multi-

walled CNTs) as early as in the 1980s and then applied them

as fillers for some commercial polymers (polybutylene

terephthalate, polycarbonate, etc.). To date, many foreign

companies commercially produce these materials in various

forms, and the applied research in the field of CNT

materials constantly expands. The total number of publica-

tions on them can be estimated as several thousands.

The basic features of CNTs, which manifest themselves

in materials, include the above-mentioned ability to form

different packing patterns, polyfunctionality, possibilities of

varying properties by chemical modification, inapplicability

of commonly accepted methods for the particle consolida-

tion, the tendency to aggregate and the structuring effect of

CNTs on the adjacent matrix layers, which manifests itself

in a number of nanocomposites.

Nanoparticles of different composition (metals, oxides,

carbides, etc.) are also used to form composites and com-

pact sets. However, except for CNTs and their analogues,

none other type of nanoparticles can be assigned to poly-

functional, none other fits so well for technical application

in the composition of various materials and suits for such a

variety of materials. However, in a rather short time, the

} In the literature this material is most often referred to as `buckypaper',

because the term `nanopapers' is also used for materials composed of

cellulose or artificial polymers if the fibres forming these materials are less

than 100 nm in diameter.

{This centre is known for its studies in the field of nuclear weapons;

currently, the main research directions are nanotechnologies and nano-

materials.
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class of CNT materials will be supplemented with graphe-

nes.

The polyfunctionality of CNTs is due to the peculiar set

of their electronic, mechanical, transport (thermal and

electrical conductivities), thermal and chemical properties.30

Depending on their structure, nanotubes may have electric

conductivity of metal or semiconductor type. The conduc-

tivity of defect-free CNTs may have a ballistic character and

not obey Ohm's law. The semiconductor properties depend

on the nanotube diameter. Young's modulus and the

thermal conductivity of single-walled CNTs exceed the

corresponding parameters of most other materials. These

and other properties allow one to design CNT materials for

different purposes.

One of the methods of targeted changes in the properties

of CNT materials is their functionalization via the covalent

attachment of different functional groups to the lateral

surface of tubes. Functionalization of CNTs may enhance

their binding to the matrix and change mechanical and

electrical properties of the composite. Chemical modifica-

tion of CNTs (see, e.g., Ref. 53) changes their properties

and expands the range of application of CNT materials. In

particular, magnetic nanopaper and materials with peculiar

sorption, antiseptic and other properties have been devel-

oped.

If functional groups can form bonds with each other

(e.g., carboxyl groups) or are bifunctional (e.g., diamines),

neighbouring CNTs can be interlinked due to this bonding,

thus reinforcing the composite.

The fabrication of materials with uniformly distributed

CNTs is hindered by the tendency of individual nanotubes

to aggregate due to van der Waals interactions. These

interactions are fairly strong for CNTs. Aggregates of

parallel tubes exhibit a structure, which is often referred to

as a two-dimensional crystal lattice. Long single-walled

CNTs of high purity exhibit the strongest linking. If the

number of walls exceeds 3 ± 4, the interaction between CNTs

is much weaker. Tubes with conically arranged graphene

layers and nanofibres can hardly be linked due to the van

der Waals forces.

The character and strength of binding of individual

CNTs with the matrix material, as well as the structuring

effect of tubes on the matrix, are of great importance.

As was noted above, conventional methods for consol-

idating nanoparticles, applied to metals or metal oxides

(pressing and sintering), are unfit for CNTs. Therefore, to

form, e.g., compact sets, spark-plasma sintering is most

often used.

V. Materials consisting of carbon nanotubes

The group of materials composed basically of CNTs and

containing additives in small amounts (or having no addi-

tives at all) include three-dimensional (`monolithic' or

porous bodies and bulk aerogels), two-dimensional (coat-

ings, films, nanopaper and flat aerogels) and one-dimen-

sional (micro- and macrofibres) aggregates. Forest and thin

membranes consisting of open-tip CNTs occupy intermedi-

ate position with respect to dimensionality.

There are only few publications on CNT-based `mono-

lithic' macromaterials and bulk aerogels; the reason is the

difficulties with sintering CNTs or their bonding using other

conventional techniques. Monoliths can be obtained by

plasma-spark sintering at high temperatures (1000 ±

2000 8C) and pressure (40 ± 80 MPa).

Aerogel is formed from CNT dispersions by two meth-

ods: sublimation drying and drying in supercritical solvents.

Introduction of polyvinyl alcohol (1 mass%) into initial

aqueous CNT dispersion gives rise to products with a

relatively high strength and electrical conductivity. The

aerogel density is 10 ± 30 g dm73 without polymer additives

and 40 ± 60 g dm73 with additives (Fig. 1).54 Later an

aerogel with a density of 4 g dm73 was developed.55 Sub-

limation drying was used to obtain aerogels containing silk

fibroin additives.56

It was noted that some materials composed of entangled

long CNTs exhibit viscoelastic behaviour,57 which manifests

itself in an unprecedently wide temperature range: from

7196 to 1000 8C. The store and loss moduli of these

materials and their stability to load cycling and destruction

do not change in the temperature range from 7140 to

600 8C.
Coatings, films and nanopaper are related materials as

regards their structure and fabrication techniques. With

regard to production technology, there are two groups of

coatings: the ones obtained directly during CNT synthesis

and those formed from CNT dispersions. The first-group

materials are obtained at elevated temperatures, using

preliminary deposition of catalysts on substrates. If catalyst

particles are located along the lines perpendicular to the

direction of the gas flow (which has a certain velocity), the

CNTs synthesized on the substrate can be oriented along

the gas flow direction. This procedure allows one to obtain

superlong tubes (Fig. 2).58 ± 65

Techniques for fabricating films of closely arranged

parallel CNTs by this method have been developed.66, 67 In

particular, a cyclic process allows one to obtain single-

walled CNTs on a substrate with a packing density of

20 ± 40 mm72 (Ref. 68; a similar process was also described

in Ref. 69).

To prepare CNT elements for devices, a catalyst is

deposited in the form of certain geometric figures, using

modifications of lithography, nanolithography, or screen

printing methods. Techniques for transfer coatings with one

substrate to another have been developed (Fig. 3; see Refs

a b

5 mm

Figure 1. Products made of aerogel.54

(a) General view and (b) three aerogel cylinders with a total mass of
13 mg withstand a 100-g load.

E G Rakov Russ. Chem. Rev. 82 (1) 27 ± 47 (2013) 31



70 and 71 ± 84). Structures consisting of superimposed

layers with parallel orientation of CNTs in each layer and

different orientations of tubes in different layers have been

described.

A version of pyrolysis with a flying catalyst (aerosol

synthesis) is not widespread, although it allows one to grow

films by filtering reaction gases and transport the films

grown to different substrates.85

The transfer method was used to obtain films with

closely arranged parallel CNTs.69

Nanopaper is most often obtained from CNT disper-

sions rather than from the gas phase. Sheets, sheetlets and

disks from 10 to 100 mm thick are formed in several ways.

The basic techniques are filtration of dispersions through

fine-pore filters and aerography (air sputtering) of disper-

sions. Much less popular techniques are slow pulling of

substrates from dispersions with simultaneous drying; dep-

osition of dispersions on a rapidly rotating disk with

subsequent drying; and colloidal methods, for example,

coagulation of aqueous dispersions with ethanol added,

when a film floats up to the surface and can be removed.

The density and porosity of nanopaper can be controlled in

certain limits.86

Either single-walled or multiwalled CNTs are used to

produce nanopaper. In some cases nanopaper made of

double-walled CNTs is preferred,87, 88 which has a much

larger specific volume and a larger specific surface area of

micropores, as compared to the paper made of single-walled

CNTs.89

Thin (0.1 mm) disks of small diameter (40, 125 and

175 mm) made of nanopaper with a density of 0.5 g cm73

have been produced by NanoLab since 2002. A technology

of fabricating sheets with a relatively large area and fairly

wide nanopaper ribbons have been developed, as well as

machines for continuous production of paper rolls. Sheets

with an area of *3 m2 have been produced by Nanocomp

Technologies (the United States) since 2008. The tensile

strength of this nanopaper without adhesive depends on the

orientation of individual CNTs and ranges from 500 MPa

to 1.2 GPa. The density of this nanopaper is twice lower

than that of aluminium. The aforementioned company is

planning to organize nanopaper production with an output

of 6 tonnes per year by 2013.

The nanopaper formed from dispersions may consist of

CNTs with parallel orientation. This packing is obtained by

different methods, using a magnetic or electric field, capil-

lary forces, or liquid flow. The method for growing thin

films with closely arranged parallel CNTs in a magnetic

field was described, for example, in Ref. 90.

A micrograph of a multiwalled material, referred to as a

nanobook (buckybook), is shown in Fig. 4.

Obviously, the strength of nanopaper made of CNTs

without adhesive or without chemical functionalization of

nanotubes is low; it is determined by the length of particles

and their packing density. To date, different techniques for

increasing the nanopaper strength have been developed.92

Nanopaper can be applied in filters, which can remove

even viruses from water 93 and efficiently perform gas

dedusting. It fits also for contact membrane distillation of

liquids.94 Nanopaper coatings are also applied to absorb

and scatter electromagnetic radiation and to protect planes

from lightnings. Details of electric heaters, high-sensitivity

elements of sensors, effective actuators (including artificial

muscles 95), electrodes of electrochemical devices, compo-

nents of organic LEDs, catalyst supports, fillers of compo-

sites with polymer or carbon matrices and many other

products are made of nanopaper. Nanopaper is also used

as a medium for growing biological tissues and components

of bandaging materials for medicine.

A simple technique for producing nanopaper in the form

of cylinders with circumferentially arranged CNTs has been

developed.96

Superthin transparent conducting films and coatings,

which were analyzed in many studies,97 ± 113 have peculiar

0 5 10 15 20
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Figure 2. Superlong CNTs obtained by directed gas flow pyrol-
ysis.64

(1) Catalyst layer, (2) CNT, (3) catalyst-containing substrate and
(4) free substrate.

Si

1 2 3 4

7

65

8

Figure 3. Stages of CNT film transport to other substrates.70

(1) Growth of a single-walled CNT film on a silicon substrate, (2) separation of the film from substrate, (3) floating film, (4) deposition of
the film on a Pyrex glass substrate, (5) photolithography of a new silicon substrate, (6) etching of the new silicon substrate, (7) connection
of two elements and (8) anode connection.
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applications in electronics and photonics. Methods for

forming and modifying them and the ranges of their

application were described in reviews.71, 104, 114 The techni-

cal characteristics (transparency and conductivity) of these

films make them competitive with solid solutions of indium

(90%) and tin oxides.115 Since 1999 to 2009 the cost of

indium significantly increased; therefore, this competition is

economically important.116 CNT films surpass oxide films

obtained by different methods, including those formed from

dispersions using the inductively coupled plasma technique.

A technique of oriented packing CNTs on flexible

substrates in order to design thin-film transistors was

described.117 The Eikos company (the United States) devel-

oped (and has been producing since 2005) the `Invisicon2

ink' compositin for depositing thin CNT films on sub-

strates.118 Technologies of continuous production of these

films are under way.119

The electrical conductivity of thin CNT films can be

increased through their functionalization.120 Iodination

(which; however, was performed on only CNT fibres)

made it possible to reduce the electrical resistance of CNT

films to *1077 O m at a current density of

104 ± 105 A cm72; this achievement opens way for replacing

copper wires with carbon ones.121

The ranges of application of thin CNT coatings and

films include electronics, sensorics, power engineering (solar

batteries,122 electrochemical devices 123). Films and nano-

paper are promising materials for electroluminescent devi-

ces,124 anticorrosion protection components, etc.69 The

weight of a CNT solar sail with an area of 1 km2 for space

probes can be as low as 30 kg. Production of smart

materials, including electroactive ones, is expected to be an

important range of application of CNT films and nano-

paper.125

It was proposed to use CNT fibres to form a kilometres-

long space rope and a lift to deliver loads to a near-Earth

orbit. However, many problems must be solved to imple-

ment this project .

Methods for producing CNT fibres were reviewed.126

The following groups of fibres can be selected with regard to

the fabrication technology:14, 127, 128

Ð fibres obtained from aerogel formed during hydro-

carbon pyrolysis;

Ð fibres `condensed' from dispersions and colloidal

solutions by coagulation and pulling;

Ð fibres formed by spinning from ordered-tube arrays

(forest).

Aerogel (`elastic smoke') is obtained continuously dur-

ing CNT synthesis with a volatile catalyst under certain

conditions. It differs from aerogels formed from dispersions

(see above) by the character of CNT packing and proper-

ties. Pyrolysis is performed using a catalyst precursor

solution (for example, ferrocene in aromatic hydrocarbons),

which is supplied in the dispersed state to the hot zone of the

reactor.129 Fibre is continuously pulled and twisted from

the aerogel formed in the reactor. Even in the beginning of

2004 it was reported that macroscopic fibres up to 100 m

long can be obtained using this method. Methods for

compacting and strengthening the primary fibre are devel-

oped.130 ± 132 Strong fibre has been obtained using the

continuous technique (Fig. 5).133 Fibres were also obtained

from entangled CNTs grown on a substrate.134

The following record values of tensile strength were

reported: 3.3 GPa for fibres obtained from a CNT forest

and 8.8 GPa for fibres grown directly from the gas phase;

however, reproducible values for long fibres did not exceed

1.23 GPa.135 The characteristics were somewhat improved

by infiltrating polyvinyl alcohol or polyamic acid into the

initial fibre.135 Stronger fibres were obtained using poly-

ethylenimine-catechol, an analogue of natural adhesive

polymers, which reinforce mussel shells.136

Characteristics of CNT fibres can be improved by

thermal treatment.137

CNT fibres are obtained from dispersions using electro-

phoresis and dielectrophoresis, as well as extrusion of

dispersions into a concurrent liquid flow, which forms

tangent stress and simultaneously extracts solvent from the

dispersion.138, 139 Pulling from dispersions is also applied

(see, e.g., Ref. 140).

Promising colloidal systems are considered to be `sol-

utions' of single-walled CNTs in superacids (100% H2SO4

with SO3 dissolved in it,141 HSO3Cl) and some other

substances.142

Nanocomp Technologies, Inc. (the United States) sup-

plies strong fibres up to 10 km long, which are formed from

long CNTs. Twisted filaments have a strength of 3 GPa;

300 mm

Figure 4. Buckybook made of single-walled CNTs.91
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Figure 5. Schematic diagram of the formation and hardening of
CNT macrofibre.133

(a) Reactor for pyrolysis and fibre drawing from aerosol formed
and (b) schematic fibre texture; (1) reactants, (2) fitting for remov-
ing reaction gases, (3) water bath, (4) vessel with acetone, and (5)
IR lamp.
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their crack resistance exceeds that of Kevlar (Russian

analogue Rusar) and Twaron fibres. This company has

demonstrated antennas twisted from native fibres.

Conducting fibres based on modified CNTs are expected

to replace metals in the electric mains of spacecrafts and

planes (the total length of cables in each Boeing-787 plane

amounts to 90 km).121

Macroscopic CNT fibres have been obtained from the

lyotropic liquid-crystal phase by coagulation in liquid.143

CNT forest was initially quite reasonably assigned to

films and coatings. However, after discovery of the super-

growth principle,38 which makes it possible to obtain arrays

of long parallel CNTs, the forest is passing (or has already

passed) to the category of three-dimensional objects. The

supergrowth is implemented by choosing appropriate com-

positions of the initial gas mixture and substrate and the

conditions providing simultaneous occurrence of two proc-

esses: CNT formation and etching the carbon shell on

catalyst particles.144 Under these conditions, high-purity

tubes 8 and even 15 mm long are formed at a high rate

(Fig. 6), their diameter can be controlled, and the catalyst

can be used with a high efficiency.40

Along with the growth on a catalyst-covered substrate,

forest can be obtained by pyrolysis using a flying catalyst or

by a matrix method, applying porous Al2O3 membranes .

There are many studies devoted to the formation of

micro- and nanorods and nanotubes from different inor-

ganic materials (e.g., Si, Ge), oriented perpendicularly to

the substrate. Regularities of the growth of these structures

according to the vapour ± liquid ± solid mechanism were

studied and the synthesis of forest from polymers (in

particular, from polymerized 2-hydroxyethyl methacry-

late 146) by the matrix method was described; however,

concerning the set of functional possibilities and the poten-

tial range of application, none other material can compete

with CNT forest. Methods have been elaborated for con-

trolling the CNT density in a forest in the range from 105 to

1013 cm72 and processes of continuous growth of forest on

relatively large areas are being developed.

Different techniques for modifying CNTs in forest and

transporting the latter from one substrate to another have

been described.147 The forest structures grown on a locally

deposited catalyst, before and after modification using the

capillary effect, are shown in Fig. 7.148

The potential areas of application of CNT forest are

fairly wide and diverse: supercapacitor electrodes and field

emitters, current collectors in solar batteries, base of pho-

tonic crystals,149 components of composites, raw material

for macrofibres, dense ribbons and membranes and coatings

for camouflaging complex-shape objects.150 Composite

fibres, containing metal nanoparticles and having a rather

high electrical conductivity, have been obtained.151

Mechanical packing of forest parallel to the substrate sur-

face makes it possible to fabricate dense ribbons.152, 153 A

forest of open-end CNTs after compacting is a base for

membranes with a very high permeability, which are used to

separate gas mixtures.154 As applied to gas separation,

forest membranes turned out to be more efficient than

nuclear polypropylene membranes with a pore size of

10 nm.

In the first publications pulling macroscopic films and

fibres from a CNT forest was compared with the ancient

technology of forming silk filaments from silkworm

cocoons.155, 156 However, the mechanisms of these two

processes are different; the mechanism of CNT material

production is based on the van der Waals interaction

between tubes. One of the ways of forming macrofibres

from a forest is shown in Fig. 8.157, 158

It was believed that not any CNT forest is fit for pulling

fibres,159 ± 161 nevertheless, fibres were obtained even from a

powder-like CNT material.162

Forest is also used to pull ribbons with nearly coaxial

arrangement of CNTs (Fig. 9).163 The fabrication technol-

ogy and properties of CNT films (ribbons) were described in

the publications.164, 165 These materials are applied to form

artificial muscles, which can operate at temperatures from

80 to 1900K and provide very high (giant in terms of the

authors) elongations and elongation rates: to 220% and

37 000 % s71.

1
0
m
m

Figure 6. CNT forest.145

a b

100 mm 100 mm

100 mm100 mm

Figure 7. Forest structures (a) before and (b) after capillary
compression.148
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The technique of transfering (printing) a forest, grown

on catalysts of certain geometry, to another substrate was

used to obtain thin films of specified shape.166 Flat dense

ribbons (coatings) with parallel arrangement of CNTs on

substrate were obtained from a forest. The main stages of

this process are shown in Fig. 10.167

The strength of CNT macromaterials can be increased

using small additives of polymers (for example, polyvinyl

alcohol, polyvinylidene fluoride, epoxy resin, etc.), as well

as grafting of oligomers. Nanotubes in coatings and films

can be linked via a thin shell of polymers, which do not form

covalent bonds with nanotubes.

VI. Polymer nanocomposites with carbon
nanotubes

The term `nanocomposites' arose at the end of the 1980s.

The interest in this new field of materials science has sharply

increased since the mid-1990s. Nanocomposites can be

based on polymer, ceramic, or metal matrices; they are

applied in the form of coatings, fibres and bulk products.

Polymer nanocomposites are most widespread. The

market of various polymer-based nanocomposites increases

annually by 24% on average; it had been predicted to reach

500 ± 800 million USD by 2011.168 The production of CNT-

based nanocomposites also rises.

Nanocomposites based on commercial polymers and

CNTs radically differ from composites with conventional

fillers and composites filled with nanoparticles of other

types.169 These differences are due to the sizes, shape,

properties and the well-developed surface of nanotubes.

Nanotubes have low density; their specific features are

large specific surface area and surface-to-volume ratio, as

well as a very large aspect ratio. As was noted above, many

CNT types are characterized by unprecedently large values

of mechanical characteristics, electrical conductivity and

thermal conductivity; therefore, some researchers refer to

CNT composites as `supermaterials'.170

Good prospects of CNTs as fillers became obvious after

their properties were perceived. Since 1991 to 2000 there

were only *100 publications devoted to composites based

on CNT-containing polymers. Then their number started

growing sharply: 80 in 2001, 160 in 2002 and >300 in 2003.2

By 2010 no less than 50 CNT composites with different

polymer matrices had been described. At least ten foreign

companies, including such big ones as Bayer (Germany),

produce composites with nanotubes. Commercial reviews

on the state of nanocomposite market were published in

2008.171, 172 Numerous reviews on CNT composites arose

(see, e.g., Refs 129, 168 ± 184), including reviews of pat-

ents,175 and reviews of polymers with parallel CNTs 176 and

structures of different `dimensionality'.128

Nanocomposites based on CNT-containing polymers

can be classified according to their application into build-

ing, construction and functional ones. The number of

building nanocomposites is relatively small; examples are

polymer concrete with CNTs and CNT-containing epoxy

resin for connecting construction elements. For these com-

posites, as for the second-group ones (in particular, high-

strength composite fibres), the most important parameters

are mechanical characteristics. Functional composites are

designed based on such CNT properties as high electrical

conductivity, thermal conductivity and heat resistance, as

well as the ability to emit electrons and absorb impact

energy and electromagnetic radiation.

The role of CNTs in polymer-based composites is

diverse:3 nanotubes stiffen composites due to their high

modulus of tensile strength (*1 TPa); having high elastic

strain, they significantly increase the ultimate tensile

strength of polymers. The CNT ability to increase hardness

and shock strength exceeds even that of carbon fibres.

Introduction of CNTs may increase hardness, although

their ambiguous effect on this characteristic was noted in

some studies. A significant increase in the store modulus has

been described.

In the case of chaotic CNT arrangement, the modulus of

elasticity of composite increases only slightly in comparison
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Figure 8. Schematic diagram of the formation and hardening of
macrofibre from CNT forest.157, 158

(1) Rotating spindle, (2) substrate with forest, (3) drawn filaments,
(4) twisted macrofibre, (5) bath with liquid, (6) heater, (7) furnace,
(8) hardened macrofibre and (9) coil.

50 mm

Figure 9. Micrograph of a ribbon drawn from a forest.163

1 2 3
5

4

Figure 10. Schematic of the formation of coatings from closely
arranged parallel CNTs.167

(1) Initial forest, (2) superposition of a plate, (3) `smoothed forest',
(4) liquid-aid compacting and (5) electrode.
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with that of the initial polymer, whereas functionalization

and oriented packing of CNTs lead to better results.

Introduction of CNTs into epoxy resin increases the

fatigue strength of composites, which is especially impor-

tant for aviation materials. The possibilities of using CNTs

in aircraft composites were considered,185, 186 and their

applications in space industry were reviewed.187 Replace-

ment of conventional adhesives used in aircraft and space

industries with CNT composites looks very promising. In

April, 2008 Unidum Inc. (the United States) announced the

first flight of Giles G-200 plane with CNT-reinforced air-

frame details.

Along with CNTs, CNFs are also used to produce

nanocomposites. Below some ranges of application of

these materials are listed.188

Military applications Civil applications

Nanocomposites based on synthetic rubber

Tank tracks, aircraft tyres, Car and aircraft tyres, parts

parts of ships of ships, sporting equipment

Nanocomposites based on thermoplastic or thermoset polymers

Parts of planes, satellites, Car bodies, sporting equipment,

ships and optical devices details of optical devices

Nanocomposites based on epoxy resin

Airframes Sporting equipment,

details of vehicles

CNT composites can be used as damping materials in

motor industry, aviation, navy and aerospace indus-

try.189 ± 191 Nanotubes have peculiar tribological character-

istics.192, 193

CNT-reinforced polymers and hybrid composites are

promising ballistic materials, for example, for bullet-proof

vests. Three ways were proposed to form protective means:

introduction of CNTs into a polymer adhesive, use of CNT

macrofibres in composite and reinforcement of convention-

ally used polymer fibres with nanotubes. Nanocomp Tech-

nologies (the United States) has launched production of

bullet-proof vests made of CNT-containing fabrics.

Nanotubes are an exceptional material for making

polymers electrically conductive. The minimum concen-

tration of conducting filler in an insulating matrix at

which the composite conductivity starts increasing (the

percolation threshold) is determined by the particle shape;

in the case of CNTs it can be reduced to 0.0025 mass%.194

For comparison, the percolation thresholds of soot and

carbon fibres are, respectively, 15 mass% ± 20 mass% and

9 mass%± 18 mass%.

Conducting CNT-containing glues are promising for

aircraft construction. Making polymers electrically conduc-

tive allows one to remove static electricity charges, as well

as absorb and scatter electromagnetic radiation.195 Even in

2007 about 60% cars produced in the United States were

equipped with fuel pipes made of CNT composites, which

reduced the risk of explosions caused by charge accumu-

lation.170 Introduction of small amounts (0.15 vol.%) of

CNT additives into polymers makes it possible to monitor

the crack formation in a composite by analyzing its con-

ductivity.196

Below we present some fields of application of conduct-

ing composites with CNFs.188

Military applications Civil applications

Removal of electrostatic charges

Satellites, fuel hoses, Fuel hoses, pipelines and

pipelines and seals seals for cars, protection

of electronic equipment

Electrostatic painting

Planes, ships, ground-based vehicles Parts of cars and planes

Protection from electromagnetic radiation

Avionics, safety systems High-speed computers,

and reduction of accident rate communication facilities

Lightning protection

Planes (especially the ones with Planes and ground-based

composite airframe), ships, buildings

radar shells, artillery bunkers

Flexible contacts

Parts of solar batteries, Electronic devices

electronic devices

An important and promising property of CNT compo-

sites is their elevated thermal conductivity. However, in

some cases high thermal conductivity of CNTs cannot be

implemented in composites. It was proposed to introduce

low-defect (annealed at a high temperature) or shortened

CNTs into composites to obtain high thermal conduction.

When introducing 3 mass% CNTs, the thermal conductiv-

ity of polycrystalline polyurethane can be increased by a

factor of more than 3: from 0.15 to 0.47 W (m K)71

(Ref. 197). Below we list the ranges of application of

polymer-based composites with a low coefficient of thermal

expansion and high thermal conductivity.188

Military applications Civil applications

Optical tools

Cast mirrors, lasers Cast optics

Parts

Parts of satellite-orbit stabilization Metal-compatible parts

systems and gyroscopes of planes, of cars, ships and planes

ships and ground-based machines

Electronic devices

Control stations, Household electronics,

board equipment, computers,

power electronics cooling systems

CNT composites are highly stable to ignition, and many

of them exhibit elevated chemical, photochemical and

radiation resistance. Combustibility was decreased by intro-

ducing CNTs into polystyrene,198 ± 200 polyethylene,201 poly-

propylene 202 and other polymers.203, 204 Composites can be

used as a base for electrodes of lithium-ion batteries and

supercapacitors, membranes of fuel cells,205 various sen-

sors,125, 206 ± 208 electric and optical actuators,209 ± 211 and

optical limiters for lasers.212, 213 Introduction of CNFs into

a material may reduce its coefficient of thermal expan-

sion.214 Studies of CNT-containing polymer composites

for ultrafast photonics were generalized in review.215

The effect of fillers is local and related in many cases to

peculiar structurization of polymers, change in their struc-
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ture, texture and fraction of crystalline phase. A fairly thick

coating is formed around CNTs, whose external diameter

significantly exceeds that of nanotubes; this coating changes

the mechanical properties of the initial polymers and affects

the composite characteristics. CNT-induced crystallization

of polymers may lead to the formation of globular or

lamellar crystals, as well as periodic structures of the `shish

kebab' type. We believe the study of the CNT polymer

interface properties and the interaction between nanotubes

and polymer matrix to be one of the most important areas

of the nanocomposites science.

CNT-containing polymer nanocomposites are obtained

in several ways, including solution and melt methods. CNTs

can most easily be introduced into thermoplastic melts. This

method makes it possible to use extrusion, mixing in closed

vessels, cast moulding, or blow moulding and does not call

for solvents.

CNTs are introduced into solutions using mechanical or

magnetic stirring, as well as intense ultrasonic treatment. As

in the melt method, this technique has some limitations,

related to the sharp increase in the viscosity of the system.

The solution method is used to obtain, for example,

composites based on epoxy resins. Latex technique can be

considered as a modification of the solution method.

The frequently used methods are preliminary function-

alization of CNTs, grafting monomers and oligomers to

their surface with subsequent polymerization of these

groups, etc. Seven `grafting-to' methods and ten `grafting

from' methods were described in review.181 In the first-

group methods previously formed polymer chains with a

certain molecular mass react with functionalized CNTs.

Drawbacks of these procedures are the low surface density

of associated chains and limitations in the choice of poly-

mers, whose molecules must have terminal reactive frag-

ments. The second-group methods imply polymerization

under the action of initiators attached to CNTs. In this

case, there are no steric limitations on the formation of

polymers with a large molecular mass and high surface

density.

Examples of application of radical and emulsion poly-

merization; electropolymerization; and plasma, radiative

and autoclave polymerization can be found in the literature.

Techniques for preparing composites with a high CNT

content are as follows: infiltration of nanopaper 216, 217 or

CNT forest,218, 219 and freezing and freeze drying of dis-

persion.220 Thin composite films can be obtained by ultra-

sonic deposition of dispersions.221 Two-layer forest films on

polyurethane have been developed 222 (Fig. 11).

Many polymers can envelop CNTs and transform them

into dispersions (solubilize). This behaviour was observed

for polyphenylacetylene, poly(p-phenylene vinylene) and its

copolymers, polyvinyl pyrrolidone and polystyrene sulfo-

nate, polyethylene glycol with oligothiophene, amylose,

cellulose, carboxymethylcellulose and starch.

Flexible conducting CNT films with Naphion are super-

hydrophobic.223 Strong conducting paper has been devel-

oped based on cellulose fibres and CNTs.224 The

transparency of thin composite films was improved by

shortening single-walled CNTs.225 Transparent films based

on polyvinylidene fluoride can be used as membranes of

loudspeakers and microphones.226 Layered composites in

the form of thin coatings and films were prepared using

layer-by-layer deposition of functionalized CNTs and poly-

electrolytes.

Among polymer-based composites, note membranes

made of open CNTs.227, 228 One of the methods for fabricat-

ing these membranes implies CNT packing in magnetic

field.229

Composite fibres based on CNT-containing polymers

are expected to find wide application.128 These fibres are

obtained by conventional methods of moulding from sol-

utions and melts, applying spinnerets or electroforming,

from polymer-coated CNTs,230 or using impregnation of

CNT macrofibres with a polymer.231 Electroforming of

composite fibres based on many CNT-containing polymers

is used to obtain porous membranes (see, e.g., Ref. 232).

VII. Inorganic composites with carbon nanotubes

Ceramic CNT-containing composites have been developed

based on Al2O3 , Al2O3 ± ZrO2 , Al2O3 ± SiC, ZnO, SiO2 ,

SnO2 , TiO2 , ZrO2 , ZrO2 ±Y2O3 , MgAl2O4 , FeAl2O4 ,

BaTiO3 , V2O5 , CoFe2O4 , SiC, SiC ± ZrB2 , B4C, BN,

Si3N4 , TiN, MgB2 , MoS2 and other compounds; many of

them were described in reviews.233 ± 236 Much attention is

paid to hydroxyapatite-based composites, which are applied

in bone prostheses.237

Co3O4 ± CNT aerogel has been synthesized.238 Many

composites are assigned to functional materials (for exam-

ple, CNT-containing piezoelectric ceramics). The properties

of polyfunctional ceramic composites were discussed.239

Ceramics-based composites can be obtained using con-

ventional methods: synthesis from initial powders, prepara-

tion of mixtures, moulding and sintering. CNT-containing

mixtures are prepared in different ways, including colloidal

methods and electrophoresis. Hot pressing or spark-plasma

sintering are used in the final stage. Spark-plasma sintering

in an inert medium turned out to be the most appropriate

technique. It is based on several effects: generation of a

spark plasma, spark shock pressure, Joule heating and

diffusion induced by electric field. This technique provides

densities of material close to the theoretical limit.
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Figure 11. Schematic of the formation of a composite polyurethane
film with CNT forest.222

(1) Forest, (2) silicon, (3) filling with polyurethane, (4) polyur-
ethane layer, (5 removal of silicon and (6) forest on polyurethane.
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There are peculiar methods for forming composites

using previously decorated CNTs. They make it possible

to obtain ceramic nanotubes and nanorods and synthesize

CNTs on oxides containing metal catalyst nanoparticles or

directly on oxides (see, e.g., Ref. 240). Decoration from

solutions can be performed under supercritical conditions.

Composites are also obtained using precursors, in partic-

ular, materials that decompose to oxides.241

Methods for fabricating sandwich, layered and gradient

CNT-containing ceramics are more complicated. Ceramic

composites can also be obtained in the form of coatings

(see, in particular, study,242 where jet plasma spraying was

described).

As in the case of polymer composites, the most difficult

problems to be solved are uniform distribution of CNTs

over matrix and optimal strength of their linking with the

matrix.

Even small CNT additives increase the crack resistance,

electrical conductivity and thermal conductivity of ceramics

and make them able to protect from electromagnetic radi-

ation. For example, introduction of 1 mass% CNT

increases the toughness of BaTiO3 by a factor of 2.4, and

introduction of 10 vol.% CNTs increases the electrical

conductivity of SiO2 ceramics by 14 orders of magnitude;

an increase in the resistance creep by two orders of magni-

tude was observed for Al2O3-based ceramics. Nanotubes

impede or even exclude crack propagation (Fig. 12).

CNT-based ceramic composites may have a fibre shape.

In particular, SiC fibres containing multiwalled CNTs were

described in the study.243

Glass-based composites are not widespread yet. Trans-

parent CNT-containing SiO2 glasses and glasses based on

aluminoborosilicates, chalcogenides and metals have been

synthesized. It was proposed to increase the tensile strength

of glass fibre by coating it with a thin layer of epoxy resin

containing 0.3 mass% CNTs.

The interest in carbon nanomaterials as tools for

improving the quality of concrete arose not long ago: the

first study 244 with an analysis of the problem and exper-

imental results on CNTs was published in 2003. Then the

research and developments in this field were significantly

intensified. Detailed reviews 245 ± 247 of the studies devoted

to the influence of CNT additives on the concrete character-

istics were published, as well as many original works (see,

e.g., Refs. 248 ± 255).

The porous structure of the aggregate determines the

low tensile and bending strength of concrete, as well as low

toughness of cement concrete. Along with macro- and

microdefects, concrete contains nanodefects, which are not

affected by conventional fillers. CNTs act in a different

way: their introduction, even in very small amounts

(<0.1 mass%), may increase the crack resistance and

strength of concrete and reduce its shrinkage. Introduction

of CNTs with a concentration as low as 0.022 mass%

positively affects the concrete properties.245

Several techniques for introducing CNTs into concrete

have been described. The basic ones can be combined into

two groups: (i) techniques using make-up water (or super-

plasticisers) and (ii) techniques based on growth of CNTs

on cement or cement components. Nanotubes are dispersed

in water using surfactants, polymer dispersants (water-

soluble polycarboxylates, polyacrylic acid, melamine-form-

aldehyde, etc.), polyelectrolytes, chemical modification by a

mixture of acids and long-term ultrasonic treatment.

CNTs affect most significantly the properties of foam

concrete. Introduction of 0.05% CNT results in reduced

concrete density, increased compression strength, decreased

thermal conductivity, smaller size of pores and their more

uniform structure. CNT additives reduce the porosity of

conventional concrete.256

Introduction of CNTs with superplasticisers is often the

most efficient technique. For example, addition of multi-

walled CNTs (produced by Graphistrength2, France) in

amount of 0.006% of the mass of cement with an aqueous

solution of Poliplast SP-1 superplasticiser increases the

bending and compression strengths of concrete by 38.8%

and 96.8%, respectively.257

CNT growth directly on cement is less efficient because

of the change in its phase composition and structure at the

synthesis temperature. Nanotubes grown on individual

cement components (tetracalcic aluminoferrite, fired kaolin,

or SiO2 with additives of metal salts) are hydrophobic, and

this fact negatively affects the behaviour of the system.

However, the concrete properties were improved to a

certain extent in some studies.251, 258, 259 Introduction of

surfactant makes the CNT distribution more uniform; it is

also favourable for the mechanical characteristics of con-

crete.260

It was experimentally shown that there is an optimal

concentration of introduced CNTs, above which the

mechanical characteristics of concrete are not improved

but deteriorate.

Along with CNTs, relatively inexpensive vapour-phase

carbon fibres, produced in the United States, have been

tested as additives. They have a conical structure of gra-

phene layers, a diameter of 60 ± 200 nm, a length of

30 ± 100 mm and a specific surface area of 50 ± 60 m2 g71

(Ref. 261).

Addition of Pyrograf III vapour-phase carbon fibres

(in amount of 0.2 mass%) to portland cement with poly-

carboxylate-based Glenium 7500 plasticiser increased the

cement tensile strength by 22%; simultaneous introduction

of foamed silica gel increased this characteristic by 26%.262

It was stated 262 that the strengthening effect of vapour-

1 2 3 4

Figure 12. Schematics of ceramics hardening by nanotubes.
Hardening due to the energy spent (1) to break CNTs upon their
drawing, (2) to break CNT ±matrix bonds and (3) to extend the
CNTs linking the crack walls; (4) deflection of a crack by a
nanotube.
Arrows show the crack propagation direction.
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phase carbon fibres exceeds that of thin CNTs (with a

diameter of 9.5 nm, a length of 1.5 mm and a specific surface

area of 250 ± 300 m2 g71) because of their larger aspect

ratio.

Some researchers explain the strengthening effect of

CNTs by the structurization of matrix layers near the

CNT surface.263 It is also suggested that chemical bonds

are formed between OH groups on the CNT surface and the

C7S7H phase of cement 250 and between the surface

CO2H groups and calcium hydrosilicates 249 or water mol-

ecules.252

One might suggest that there are several general mech-

anisms of the effect of additives of different carbon nano-

particles. The likely structurization of matrix by graphene

planes occurs due to the influence of p electrons of the

carbon atoms in these planes on the electrostatic interac-

tions in the gel of hydrated calcium silicates. The strength of

this interaction depends on the concentration and proper-

ties of surface functional groups. The other mechanism is

related to the change in the rheological properties of

surfactant; aqueous dispersion with surfactant; make-up

water; and, finally, the cement solution. In all cases con-

ditions for enhanced hydration of cement components and

formation of denser hydration products may arise.

Introduction of CNTs into a concrete coating allows one

(in principle) to monitor structural damage, perform remote

sensing of road surface and remove ice from the latter by

heating. Here, an important requirement is to provide

conditions for uniform dispersion of nanotubes, which

cannot always be done. That is why numerous attempts to

introduce CNTs into building mixtures were no success, and

the state of art in this area of materials science is estimated

to be in its infancy.

Metal composites of CNTs with Ag, Mg, Al, Ti, Sb, Co

and Ni; metal glasses Fe82P18 ; and Al7Si, Mg7Al,

Sn7Sb, Sn7Co, Ti7V alloys (the latter composite is

used to accumulate hydrogen) were described.264

Monograph,265 devoted to CNT composites with metals,

general review,266 and particular review 267 on magnesium

nanocomposites have been published. However, a majority

of studies were devoted to copper-based composites (see,

e.g., Refs 268 ± 270). The yield stress and Young's modulus

of these composites can be increased two- to threefold.

Addition of 1 vol.% multiwalled CNTs to a copper powder

subjected to equichannel angular pressing resulted in an

increase in the sample hardness by a factor of more than

two after eight cycles.271 Small CNT additives strengthen

magnesium and sharply increase its corrosion durability in

salty water. Introduction of 10 mass% CNTs into alumi-

nium-based composite obtained by hot pressing increases its

microhardness from 30 to 58 kg mm72.

Composites with metals exhibit tribological proper-

ties;272 they are characterized by small coefficients of

thermal expansion 273 and low densities. Composites are

obtained by methods of powder metallurgy, casting under

pressure, or casting with mixing, as well as using plane

shock waves, thermal sputtering, decoration of CNTs with

metals and subsequent compaction. Methods of thermal

and plasma deposition are also applied.274, 275 Decoration

can be performed electrochemically, by reducing metal salts

with organic and inorganic reagents and (in some cases) by

reducing salts using CNTs or a substrate with a CNT array

on its surface. Electrodeposition is applied to form

Ni7CNT composite coatings.276

Unprecedently high strengthening effect was obtained

by chemical modification of CNTs (functionalization, ion

exchange with the aid of salts, reduction of metals) and

subsequent pressing.

Layered composites were prepared by rolling foil assem-

blies.277

Currently, unique composite materials consisting of

only carbon are developed. Examples are films composed

of CNTs and `nanohorn' aggregates,278 CNTs and graphene

films,279 CNTs inserted between graphene layers,280 CNT

forest grown on a graphene film,281 forest grown between

graphene layers,282 CNFs formed on graphene strips,283

CNTs located in pores of thermally expanded graphite,284

graphite films on a forest,285 single-walled CNTs on the

surface of a forest of multiwalled CNTs,286 pressed and

sintered composite consisting of carbon microspheres and

CNTs,287 foamed composite consisting of CNT dispersion

with cellulose (carbonized),288 etc.

This group of materials includes composites of carbon

aerogel with CNTs 289 ± 292 and elastic composite with a

density of *10 mg cm73, whose volume can be reversibly

reduced by 80% under compression.293 The latter compo-

site was obtained from a CNT dispersion in the presence of

resorcinol and formaldehyde by drying in supercritical CO2

and pyrolysis at 1050 8C. These materials are promising for

supercapacitor electrodes. A more complex material was

designed by growing CNTs on carbon microfibre paper,

impregnating the product with polyacrylonitrile solution in

dimethylformamide, drying and carbonizing.294

The attempts to use sulfur/CNT composite for electro-

des of lithium ± sulfur batteries were no success because of

the fast decrease in capacitance upon cycling.295

VIII. Hybrid materials with carbon nanotubes

Along with composites of `classical' type, hybrid composites

(containing, e.g., three components: fibres, CNTs and

binder) are also intensively studied and developed. These

materials can be produced using polymer, ceramic, or

carbon fibre, as well as glass fibre. For example, application

of hybrid composites allows one to reduce the civil airframe

weight by more than 50%.

CNTs can be introduced in several ways: directly into

the fibre bulk,296, 297 on the fibre surface (into the finishing

material),298 ± 301 on the surface of a ready fibre cloth,302, 303

into the binder,304 ± 307 and in the form of a separate

interlayer between fibre or cloth layers.308 Nanopaper 309

or CNT forest sheets were used as interlayers. Two or more

ways of introducing CNTs can be used simultaneously. The

peculiar hybrid material Ð forest with polydimethylsilox-

ane interlayers Ð was described.310

Reviews on hybrid layered CNT-containing compo-

sites 311 and on introduction of CNTs into layered compo-

sites obtained by vacuum moulding 312 were published. A

particular place is occupied by composites with nanosized

layers.311 CNT interlayers can play a role of a peculiar

`Velcro', which rigidly connects layers and increases the

layered-composite strength (Fig. 13).313

Each of the above-described ways has advantages and

drawbacks. For example, introduction of CNTs into the

bulk of polymer fibres calls for oriented tube packing

(coaxially with the fibre), which complicates fibre forma-

tion. To grow CNTs on the fibre surface using hydrocarbon

pyrolysis, it is necessary to perform preliminary deposition

of catalyst; however, this operation reduces the fibre
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strength. Nevertheless, hybrid CNT-containing materials {

are considered as promising, and Zyvex corporation (the

United States) has been using hybrid composites with

0.5 mass% CNTs in production of light motor boats and

yachts. Zyvex has also released a CNT concentrate in epoxy

resin and CNT-containing adhesive (Epovex). The strength

of CNT-containing prepregs is 30%± 50% higher than that

of conventional prepregs. Nanocyl company (Belgium) also

produces CNT-containing resin and fibres.

Hybrid CNT-containing nanocomposites may have

damage sensoring properties 315 and be used for self-diag-

nostics.316 It was proposed to use thin films obtained by

layer-by-layer deposition of polyelectrolytes in strain and

corrosion sensors.317 In particular, Scheme 2 shows the

stages of forming alternating CNT-containing layers of

polyvinyl alcohol and sodium polystyrene sulfonate.

Hybrid nanocomposites are considered to be those

based on polymers with two types of fillers. The latter,

along with CNTs, can be clay or graphite nanoparticles,318

stainless steel fibres,319 etc.

The electrical conductivity and wetting angle of hybrid

material Ð CNT nanopaper of shish-kebab type (nanotubes

decorated by periodically arranged associates of polyethy-

lene crystals) Ð can be controlled by changing the CNT

concentration from 13 mass% to 70 mass%.320

IX. Biocomposites with carbon nanotubes

Since CNTs have nanoscale sizes, they can affect signifi-

cantly biological objects. CNT biocomposites are very

promising for applications in this field;321 however, as was

noted in review,322 this research is at its infancy. The

behaviour of CNT materials in biological media differs

from the behaviour of individual nanotubes.

Medical and biological applications of CNTs and CNT

materials are as follows: design of biosensors, drug delivery

tools to patient organs, biological tags,323, 324 and materials

for prosthetics. Unoxidized, nonfunctionalized, and stand-

ardized CNTs are preferred in biological applications.

Biocomposites are materials for biological applications

and materials containing substances of biological origin.

CNT biocomposites with polymer and inorganic matrices

have been developed. Materials for bone cement (based on

polymethyl methacrylate with up to 10 mass% multiwalled

CNTs) and bone implants (based on hydroxyapatite 325 or

hydroxyapatite and polymethyl methacrylate with CNT

additives) were proposed. Active interest is shown in CNT

nanopaper for growing muscular and bone tissues, retina

and epithelial cells of the eye and neuron networks.326 ± 334

They include, in particular, composite with collagen 335, 336

and composite with a small amount of chitosan.337 Strong

composite coatings with CNT-functionalized chitosan were

obtained by electrodeposition on a steel spring.338 Chito-

san-based composites have some other applications.339

Antibacterial porous composite containing CNTs with

polyvinylpyrrolidone ± iodine complex coating was pro-

posed to heal wounds and reconstruct nerve tissues.340

Biofunctional nanocomposites (see, e.g., Ref. 341) and

biosensors 342 ± 344 have been developed. CNTs modified by

proteins, peptides, and DNA chains were described. Bio-

molecules in these composites can be located not only on the

external CNT surface but also in the internal cavities of

open-end nanotubes. Functionalization of CNTs by bilayer

lipids is considered to be the main application of membrane

proteins in nanodevices.

A composite with natural biopolymer for electrome-

chanical actuator has been elaborated,345 and the develop-

ment of smart biological CNT-containing materials is under

way.346

Figure 13. Strengthening effect of CNT forest interlayer in pre-
pregs.313

Washing in deionized water (3 min)

Drying in air (15 min)

5-min immersion in dispersion

of single-walled CNTs with sodium

polystyrene sulfonate

Glass substrate

5-min immersion in PVC solution

Washing in deionized water (3 min)

Substrate

Substrate

Substrate

Substrate

Substrate

Drying in air (15 min)

Coated

substrate

Rear

substrate

Scheme 2

{ In some reviews hybrid composites containing fibres and CNTs are

referred to as hierarchical (see, e.g., Ref. 314).
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X. Dispersions and solutions of carbon nanotubes

In materials science, dispersions and solutions are not

considered as materials. However, the great role of CNT

dispersions in the producion of materials and possibilities of

the use of particular CNT dispersions along with mateirals

(for example, as laser radiation power limiting means or

heat-conducting media) justify the inclusion of their brief

characterization in this review.

Carbon cannot form solutions in any form if its particles

are not modified. According to the modification way, three

types of CNT dispersions in water and organic solvents are

distinguished:

Ð dispersions containing CNTs without chemical bonds

with the dispersant;

Ð dispersions containing CNTs with covalently

attached functional groups;

Ð dispersions with protonated CNTs and CNT `salts'.

In turn, noncovalent solubilization can be obtained in

different ways: using surfactants, linear polymers, polyar-

omatic compounds, liquid crystals, or biomole-

cules.53, 347 ± 352 Reviews on the chemical modification and

dispersion of CNTs have been published, as well as short

review 353 on the use of microwave activation (the impor-

tance of which constantly increases in the case of CNTs) in

synthesis of nanomaterials.

The first studies on dispersion of CNTs with covalently

bound groups were performed at Rice University (Houston)

and Universities of Kentucky and Louisville (the United

States).354 ± 357 CNTs can be functionalized in the simplest

way by heating them in a mixture of concentrated sulfuric

and nitric acids, as a result of which carboxyl, hydroxyl,

carbonyl and other (in smaller amounts) oxygen-containing

groups are formed. Then esterification, amidation, or other

reactions can be performed; the total list of covalent

functionalization versions is rather long.

Superacids protonate CNTs and make it possible to

reach relatively high concentrations of nanotubes in solu-

tions.142, 358 Solutions in chlorosulfonic acid can also be

used.359 CNT salts are obtained using solutions of alkali

metals in liquid NH3 (see, e.g., Ref. 360).

Viscous liquids with rather high CNT concentrations

have been selected in the case of polyethylene glycol 361 (to

20 mass% CNT) or silicone (85 mass% CNT).362

Dispersions and lubricants containing CNTs and char-

acterized by a relatively high thermal conductivity are

peculiar media; they are used to eliminate air gaps between

contacting surfaces and reduce the thermal resistance in

construction parts.

XI. Conclusion

We share the competent opinion stated in review,14 accord-

ing to which the main problems in the field of CNTs are as

follows:

Ð mass production of inexpensive CNTs;

Ð development of selective methods for fabricating

CNTs with a certain structure and properties;

Ð strictly localized deposition of clearly oriented CNTs

on substrates;

Ð elucidation of the mechanism of CNT formation.

However, the list of these problems should be supple-

mented by at least one more: fabrication of CNT and CNT-

containing materials, especially so that the authors of the

aforementioned review considered the state of the art with

the fabrication of CNT macrofibres and arrays of vertically

and horizontally arranged CNTs as one of the most impor-

tant subjects. The situation is hindered by the fact that the

properties exhibited by materials at the molecular level can

hardly be reproduced in macroscopic materials because of

the presence of defects, weak intermolecular bonds and

foreign inclusions. Nevertheless, the range of application

of CNT materials are being constantly expanded.

Since the pyrolytic methods of CNT formation displaced

all others, the comparative estimation of the three basic

versions of these methods, reported in review 14 should be

supplemented (Table 1).

The developments of the latest years showed that the

aforementioned `supergrowth', which was described for the

first time in 2004,38 has a good scalability, due to which one

can obtain high-quality long CNTs in a high yield, as well as

three-dimensional structures. In particular, the principle of

continuous process was described; it is currently being

improved.363 The CNT yield per gramme of the catalyst is

several orders of magnitude higher than that obtained by

other methods, and the CNT purity reaches 99.5 mass%.41

The results of studying the CNT growth on ceramic

balls 45, 364 ± 366 also demonstrate some possibilities of wide

scaling.

The techniques of gas-flow-induced directed growth of

long CNTs 58 ± 65 have certain advantages over conventional

pyrolytic processes. These methods (which also make it

possible to control the CNT diameter and length) are

characterized by a high specific catalyst output, do not call

for time-consuming purification from catalyst and can be

scaled. However, the specific output (product weight per

unit time per reactor unit volume and unit area) of these

methods is much lower than that of the supergrowth

processes. Currently, specifically supergrowth opens new

prospects of efficient production of CNT materials and

CNT-containing nanocomposites.

A number of other materials and many methods of their

production, including those having commercial prospects,

remained beyond the scope of this review. For example, the

internal CNT cavity can be filled by various substances to

provide material with new properties.367 The number of

types of CNT materials constantly increases due to the use

of decoration and filling.368 ± 371 Polymer nanocomposites

may contain CNTs decorated by inorganic materials, e.g.,

Table 1. Qualitative characteristics of CNT mass production methods.14

Method Temperature Scalability Efficiency CNT purity CNT quality Packing

With flying catalyst high high high high very high unknown

With fluidized bed medium very high " poor high disordered

Supergrowth " 7 very high very high " ordered
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ZrO2 .372 Nanocomposites with CNTs, containing simulta-

neously metal oxides and metals, have been developed.

Many of the materials and methods for their production

that were considered in this review should also be described

much more thoroughly. CNT materials and CNT-contain-

ing nanocomposites have certain advantages over conven-

tional commercial materials; therefore, the studies on CNT

applications in various materials are in rapid progress.

I am grateful to Nguyen Hoo Van (Vietnam), a post-

graduate of the D I Mendeleev University of Chemical

Technology of Russia, for his help in the preparation of

the manuscript for publication.
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